Neuroblastoma (NB), a common solid tumor of childhood, is thought to originate from sympathoadrenal progenitor cells in the neural crest. 1) NB has been shown to be more often spontaneously regression than any other tumor, but to mature to differentiated ganglioneuroma. 2, 3) Despite intensive chemotherapy, NB patients with advanced-stage disease still have an extremely poor prognosis. 4) Therapeutic trials aimed at arresting cell growth and inducing differentiation using chemical and biological agents (e.g., 13-cis retinoic acid) have been attempted to improve the prognosis.
Despite intensive chemotherapy, NB patients with advanced-stage disease still have an extremely poor prognosis. 4) Therapeutic trials aimed at arresting cell growth and inducing differentiation using chemical and biological agents (e.g., 13-cis retinoic acid) have been attempted to improve the prognosis. 5) Previous studies have revealed that the growth, differentiation and survival of neural crest-derived cells are potently regulated by neurotrophins and their receptors. The neurotrophin family includes nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3), neurotrophin-4/5 (NT-4/5), and neurotrophin-6. 6, 7) NGF is a targetderived neurotrophin that is identifiable in the early stages of NB.
8) It binds to a high-affinity NGF receptor, TrkA, and causes the differentiation for some neural cells.
9) It might therefore play an important role in the regression or differentiation of NB in vivo. There is accumulating evidence that the favorable (i.e. differentiated) form of NB strongly expresses trkA, whereas trkA expression is significantly reduced in advanced NB or NB with MYCN gene amplification. [10] [11] [12] The addition of NGF to a primary culture of NB cells that expressed high levels of trkA resulted in neuronal differentiation, whereas most NB-derived cell lines did not respond to NGF treatment due to defects in their NGF/TrkA signaling pathway. 13, 14) Hence, loss of function in the NGF/ TrkA signaling pathway probably contributes to the oncogenesis of NB. After binding to TrkA, NGF rapidly activates the tyrosine kinase activity of this receptor; autophosphorylation of the tyrosine residues within the intracellular signaling domain (Y490, Y670, Y674, Y675 and Y785) of TrkA then causes the signals to be transferred to multiple downstream effector proteins. 15) Pathways thought to be involved in NGFmediated signal transduction include the Ras/Raf/MAP kinase, phospholipase C (PLC), protein kinase A (PKA), c-Jun N-terminal kinase (JNK) and protein kinase C (PKC) pathways. [15] [16] [17] Phosphorylation of the Y490 domain of TrkA is required for Shc association and subsequent activation of the Ras/Raf/MAP kinase signaling pathway, which is very important for the NGF-mediated differentiation of NB cells. 18) These early signaling events lead to immediate and early gene expression (i.e., c-fos, Egr-1) [19] [20] [21] as well as to the induction of late response genes, which are responsible for the growth, differentiation and survival of neural cells.
With these factors in mind, we designed and synthesized a novel compound, CPPy, which acts as a conserver of tyrosine phosphorylation and facilitates NGF-induced TrkA signal transduction. In the present study, we investigated its usefulness in inducing the differentiation of NB cell lines. We here describe the in vitro activity of CPPy in phosphorylating TrkA (Y490), the induction of immediate and early genes, and cell differentiation.
MATERIALS AND METHODES
Cell Lines and Culture Two NB cell lines (IMR-32 and NB-39) were examined. The cell lines were cultured in RPMI 1640 with penicillin (100 U/ml), streptomycin (0.1 mg/ml), sodium bicarbonate (2 mg/ml) and heat-inactivated fetal bovine serum (FBS; 10%) at 37°C under a 5% CO 2 atmosphere. The medium was changed every 2 to 4 d.
Materials CPPy (Fig. 1 ) was dissolved in distilled water and filtered on a 0.22 mm filter. NGF 7S (Roche Diagnostics, Mannheim, Germany) was dissolved in 0.75% bovine serum albumin in phosphate-buffered saline and stored at Ϫ20°C.
Western Blotting Cells (5ϫ10 6 cells/60-mm dish) were treated with CPPy (10 Ϫ8 M) for 7 h, then stimulated with NGF (100 ng/ml) at 37°C for 0-30 min. At the end of the incubation period, the cells were harvested into Tris-buffered saline (TBS; 20 mM Tris-HCl [pH 7.6], 137 mM NaCl). After centrifugation for 10 min at 5000 rpm, the pellets were lysed in 250 ml of sample buffer (1% Nonidet P-40, 20 7 .6], 137 mM NaCl, 5% skim milk) for 1 h at room temperature, then treated with anti-phosphorylated-TrkA antibody (diluted 1 : 1000; Calbiochem-Novabiochem, San Diego, CA, U.S.A.) overnight at 4°C. The membranes were washed repeatedly with TBS containing 0.1% Tween 20, then treated with a horseradish peroxidase-conjugated secondary antibody (diluted 1 : 20000) for 1 h. The targeted protein was visualized using an electrochemiluminescence kit (ECL system; Amersham Biosciences). The optical density of the blots was measured using National Institutes of Health image J software. The blots were stripped from the gel by incubating them in stripping buffer (62.5 mM Tris-HCl [pH 6.7] , 2% SDS, 100 mM b-mercaptoethanol) for 30 min at 50°C, followed by two washes and reblocking. The membrane was also analyzed by the methods described above after reprobing with pan-TrkA antibody (diluted 1 : 1000; Santa Cruz Biotechnology, Santa Cruz, CA, U.S.A.). Activation of TrkA (Y490) was determined by comparing the density of the band containing phosphorylated TrkA (Y490) with that of the band containing pan-TrkA from the same sample.
Reverse Transcription Polymerase Chain Reaction (RT-PCR) Cells (5ϫ10 6 cells/60-mm dish) were treated with CPPy (10 Ϫ8 M) for 7 h, then stimulated with NGF (100 ng/ml) at 37°C for 0-12 h. Total RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, U.S.A.) and quantified by UV absorbance spectroscopy. RT-PCR was performed using an RNA PCR kit (AMV Ver. 2.1; TaKaRa, Shiga, Japan). Total RNA (250 ng) was reverse-transcribed using oligo-dT. Sequential incubation was carried out at 30°C for 10 min, 45°C for 60 min and 99°C for 5 min, with a final holding phase at 4°C. PCR amplification was carried out with 0.2 mM of the following primers: c-fos forward, 5Ј-CCCTCAGTG-GAACCTGTCAA-3Ј; c-fos reverse, 5Ј-GATGATGCTGGG-AACAGGAA-3Ј; GAP-43 forward 5Ј-CTGTCCTTTCCCA-CCCACTA-3Ј; GAP-43 reverse, 5Ј-GAACGGAACATTGC-ACACAC-3Ј; b-actin forward, 5Ј-CAAGAGATGGCCACG-GCTGCT-3Ј; b-actin reverse, 5Ј-TCCTTCTGCATCCTGTC-GGCA-3Ј. The GAP-43 cDNA PCR primers were used as described previously. 22) The PCR conditions for c-fos and bactin amplification were: 35 cycles of template DNA denaturing at 94°C for 15 s, annealing and extension at 68°C for 30 s and holding at 4°C. For GAP-43, the conditions were: 1 cycle of template DNA denaturing at 95°C for 1 min followed by 30 cycles of denaturing at 95°C for 1 min, annealing at 60°C for 1 min and extension at 72°C for 1 min. After the last cycle, extension was continued for an additional 10 min at 72°C, followed by holding at 4°C. A bioanalyzer (Agilent Technologies, Waldbronn, Germany) was used to quantify the expression of the PCR products. The expression of c-fos and GAP-43 was determined by normalization relative to b-actin expression. All quantitative RT-PCR experiments were performed in triplicate.
Analysis of Cell Morphology For the cell differentiation studies, NB-39 cells were seeded at 1ϫ10 5 cells/60-mm fibronectin-coated dish (Beckton Dickinson, Bedford, MA, U.S.A.) in RPMI 1640 containing 1% FBS, treated with CPPy (10 Ϫ8 M) for 7 h, then stimulated with NGF (100 ng/ ml). The cultures from at least three different regions were observed under a phase-contrast microscope and photographed at 96 h after NGF treatment. The percentage of differentiated cells was then counted. The degree of differentiation was graded according to four morphological features: 'differentiated' (neurites or drawing-out of the soma present), 'elongated' (possessing neurites longer than the diameter of the soma), 'branched' (possessing branches of neurites) and 'multiple' (multiple neurites issuing from the soma).
Cell Viability Testing by Trypan Blue Dye Exclusion IMR-32 cells (3.5ϫ10 6 cells/60-mm dish) were treated with CPPy (10 Ϫ8 M) for 7 h, then stimulated with NGF at 37°C for 0-48 h. After incubation, the cells were trypsinized and an equal volume of 1.0% aqueous trypan blue dye solution was added to the cell suspension. The percentage of viable cells was counted in triplicate under a phase-contrast microscope.
Statistical Analysis Quantitive TrkA phosphorylation was compared between cells treated with NGF alone and cells treated with a combination of CPPy and NGF using paired t-tests. Quantitive results for c-fos mRNA and GAP-43 mRNA expression, morphological differentiation and cell viability tests were analyzed using two-way ANOVA. All analyses were performed using GraphPad Prism 3 (GraphPad, San Diego, CA, U.S.A.).
RESULTS
CPPy Facilitates NGF-Induced Tyrosine Phosphorylation of TrkA (Y490) We investigated the maximum functional CPPy concentration and most appropriate timing of application for facilitating the activation of signal transduction based on c-fos mRNA expression using competitive RT-PCR in IMR-32 cells. The strongest expression of c-fos mRNA was observed when the cells were treated with CPPy (10 Ϫ8 M) for 7 h then stimulated with NGF (100 ng/ml) for 1 h (data not shown). Hence, these conditions were used for all the following experiments. To determine whether CPPy could potentiate TrkA phosphorylation, the expression levels of phosphorylated TrkA (Y490) and pan-TrkA were analyzed by Western blotting. Two NB cell lines (IMR-32 and NB-39) were treated with CPPy and/or NGF (100 ng/ml). As shown in Fig. 2A , treatment with NGF resulted in rapid phosphorylation of TrkA (Y490), reaching a maximum at 10 min. However, phosphorylated TrkA immunoreactivity was no longer detectable at 60 min after NGF treatment (data not shown). When NB-39 cells were treated with a combination of CPPy and NGF, the relative expression of phospho-TrkA (Y490) was significantly increased compared with NGF alone and this increase was maintained at 30 min after stimulation. Similar results were obtained in IMR-32 cells (Fig. 2B ).
CPPy itself had no effect on the phosphorylation of TrkA combination of CPPy and NGF compared to NGF alone. CPPy itself had no effect on the expression of c-fos mRNA, similar to the situation seen in control cells.
Analysis of Cell Differentiation
We addressed the question of whether CPPy facilitates NGF-induced differentiation. This was evaluated both morphologically, by estimating the percentage of differentiated cells as described above, and biochemically, by analyzing the expression level of GAP-43 mRNA, which is critical to the establishment of axonal outgrowth during the initiation and remodeling of neural connections. 23) As shown in Fig. 4A , neither NGF nor CPPy produced any morphological effects (Fig. 4A, panel a) . However, extensive outgrowth of neurites that made cell-to-cell connections was observed on coapplication of CPPy and NGF (Fig. 4A, panel d) . Two-way ANOVA detected a significant interaction of NGF and CPPy in the differentiated, elongated and branched cell groups (Fig. 4B) . GAP-43 mRNA expression was detected at 24 h after NGF treatment by RT-PCR. The expression level of GAP-43 mRNA tended to increase in response to coapplication of CPPy and NGF (Fig.  5 ) and these increases paralleled the observed morphological changes.
Cell Viability To determine any cytotoxic effects of CPPy (10 Ϫ8 M), we measured cell viability by the 0.5% trypan blue dye exclusion method. Neither CPPy alone nor CPPy combined with NGF affected cell viability from 0 to 48 h after NGF treatment (Fig. 6) . No cell toxicity was observed at a CPPy dose of 10 Ϫ8 M.
DISCUSSION
We previously reported that cyclophanes act as host compounds that trap organic 'guests' such as 4-nitrophenyl phosphate (NPP) due to the hydrophobicity of their aromatic ring group as well as binding to the phosphate group through an electrostatic interaction. 24, 25) We have recently designed and synthesized a novel water-soluble cyclophane (CPPy) that bears 4-dimethylaminopyridinium groups on the alkyl-chain branches of a diphenylmethane skeleton (Fig. 1) . We confirmed that CPPy has similar organic guest-trapping activity to NPP (unpublished data). The results of the present study demonstrate that CPPy facilitates NGF-induced TrkA/Ras/ MAPK signal transduction and cell differentiation in NB cell lines. NGF has been shown to induce neurite extension in TrkA-positive NB cell lines through activation of the Ras/MAP kinase cascade. 9, 18) Previous studies have also reported that defects in the NGF/TrkA pathway can be responsible for the initiation or maintenance of the undifferentiated form of NB. 13, 14) We used Western blot analysis in two NB cell lines to examine the effect of CPPy on the initial event of NGF/TrkA signal transduction. Autophosphorylation of TrkA (Y490) occurred rapidly upon exposure to NGF; peak phosphorylating activity was observed approximately 5 min after NGF stimulation, in agreement with findings in PC12 cells. 26) Compared to NGF alone, the relative expression of phosphoTrkA (Y490) was increased by a combination of CPPy and NGF in both IMR-32 and NB-39 cells. It appears that CPPy facilitates the phosphorylation reaction in the tyrosine residues of TrkA and prevents phosphorylated TrkA (Y490) from being hydrolyzed by protein tyrosine phosphatase. As CPPy alone did not affect the phosphorylation of TrkA (Y490), it appears that it functions by enhancing NGF/TrkA signal transduction. Previous studies have showed that tetanus toxin (TeTx) also binds to the TrkA receptor and stimulates PLC g-1 tyrosine-phosphorylation, as well as causing TrkA activation. 27) Moreover, FK506 potentiates NGF-induced neurite outgrowth via the Ras/Raf/MAP kinase pathway. 28) However, neither TeTx nor FK506 directly enhance NGF-induced phosphorylation of TrkA in NB cell lines, unlike CPPy, which seems to affect the pathway directly. The NGF-induced phosphorylation of TrkA (Y490) points to a parallel interaction between Shc proteins and TrkA, an important event in neuronal differentiation. 29) Shc adaptor proteins are the first link in a pathway that results in Ras/MAPK activation. 30) In this study, increases in c-fos mRNA were observed in NB cell lines after NGF treatment. These increases may be a consequence MAPK pathway activation because growth-factor-induced c-fos expression is mediated by transcription factors such as Elk-1 and SAP-1, which are targets of Ras/MAPK-mediated phosphorylation. 16 ) Furthermore, CPPy may have acted synergistically with NGF to facilitate c-fos transcription because the increased phosphorylation of TrkA (Y490) caused by CPPy could have had an effect on early transcriptional gene production in the nucleus via the Ras/MAPK pathway.
It has been reported that the differentiation of NB caused by NGF, retinoids or 12-O-tetradecanoylphorbol-13-acetate is accompanied by upregulation of c-fos. 19, 31, 32) In addition to increasing c-fos transcript levels, CPPy combined with NGF induced neurite outgrowth in NB-39 cells. The expression level of GAP-43 mRNA tended to be elevated by combined CPPy and NGF, and this elevation paralleled to the degree of morphological differentiation. GAP-43 has an ets site in its promoter sequence, 33) which can bind to transcriptional factors of the ets family (e.g., Elk-1). These genetic findings are in agreement with our results indicating activation of the Ras/MAPK cascade by CPPy and upregulation of GAP-43. These data suggest that CPPy can induce neuronal differentiation by facilitating NGF/TrkA signal transduction.
In the present study, NGF alone did not induce morphological differentiation and expression of GAP-43 mRNA in NB-39 cells. Similarly, Sugimoto et al. reported that NGF treatment did not induce c-fos mRNA or morphological neurite outgrowth in human NB-derived MP-N-TS cells expressing TrkB receptors in addition to TrkA. 34) As we also found that TrkB mRNA was expressed in NB-39 cells when analyzed by RT-PCR (data not shown), the above results might also be applicable to NB-39 cells.
In summary, it seems likely that at a concentration too low to produce cytotoxicity, CPPy could induce the differentiation of NB cell lines through activation of the NGF-induced TrkA/Ras/MAPK pathway. Furthermore, our results demonstrate that CPPy enhances NGF/TrkA signal transduction via a common growth factor signaling pathway, but has no neurotrophic properties in itself, suggesting that nonspecific stimulation of neurotrophin substrates would be reduced in vivo. It is possible that CPPy may target other tyrosine residues; however, further experiments are needed to confirm whether CPPy facilitates the tyrosine phosphorylation of other proteins (e.g., PLC g-1, PI3-K). Nevertheless, its effect on TrkA (Y490) indicates that CPPy may be a useful therapeutic agent with little toxicity for the treatment of NB.
